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Of 890 vancomycin-resistant Enterococcus faecium isolates
obtained by rectal screening from patients in Pittsburgh,
Pennsylvania, USA, 4 had MICs >1,024 pg/mL for fosfo-
mycin. These isolates had a Cys119Asp substitution in the
active site of UDP-N-acetylglucosamine enolpyruvyl trans-
ferase. This substitution increased the fosfomycin MIC >4-
fold and rendered this drug inactive in biochemical assays.

Vancomycin—resistant enterococci can cause nosocomi-
al bacteremia, infective endocarditis, and intraabdom-
inal and urinary tract infections that have limited treatment
options. Fosfomycin is an antimicrobial drug that shows a
wide spectrum of activity that includes enterococci, staphy-
lococci, and many gram-negative species (/). Fosfomycin
inactivates UDP-N-acetylglucosamine enolpyruvyl trans-
ferase (MurA) by covalent modification of a highly con-
served cysteine residue in the active site of MurA (2). Some
bacterial species, such as Borrelia burgdorferi and Myco-
bacterium tuberculosis, are naturally resistant to fosfomy-
cin because they encode an aspartic acid residue instead of
cysteine in the active site of MurA. Furthermore, in Esch-
erichia coli, substitution of this cysteine at position 115 by
aspartic acid results in fosfomycin resistance (3).
Fosfomycin has historically shown excellent in vitro
activity against vancomycin-resistant enterococci, and there-
fore might be considered as a treatment option for urinary
tract infection caused by this organism (4). However, infor-
mation regarding the activity of fosfomycin against vanco-
mycin-resistant enterococci in the setting of increasing fos-
fomycin use is limited (5). We tested vancomycin-resistant
enterococcal isolates obtained from rectal screening cultures
at the University of Pittsburgh Medical Center (Pittsburgh,
PA, USA) during 2012-2016 for fosfomycin resistance.
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The Study

We tested 890 vancomycin-resistant enterococcal isolates
by growth on Mueller-Hinton agar plates containing 100
or 200 pg/mL fosfomycin and 25 pg/mL glucose-6-phos-
phate (Sigma-Aldrich, St. Louis, MO, USA). Isolates that
grew on both selective plates were subjected to deter-
mination of MIC by using the agar dilution method on
Mueller-Hinton agar plates supplemented with 25 pg/mL
glucose-6-phosphate (6).

Of 234 isolates that grew on fosfomycin-containing se-
lective plates, MICs were 32 ng/mL for 10 (4.3%), 64 ng/
mL for 92 (39.3%), 128 pg/mL for 120 (51.3%), 256 pg/
mL for 7 (3.0%), 512 pg/mL for 1 (0.4%), and >1,024 pg/
mL for 4 (1.7%). When we used the Clinical and Laboratory
Standards Institute breakpoint for urinary tract infections (6),
we found that 12 isolates (1.3%) had MICs >256 pug/mL and
were considered resistant; an additional 120 isolates were
considered to have intermediate resistance. The estimated
resistance rate of 1.3% is consistent with that reported in a
recent surveillance study conducted in the United States (7).
However, the resistance rate would be much higher if we
applied the European Committee on Antimicrobial Suscep-
tibility Testing (Vaxjo, Sweden) breakpoint of <32 pug/mL
for susceptible isolates and >32 pg/mL for resistant isolates.

The 4 vancomycin-resistant enterococci isolates with
MICs >1,024 ng/mL were Enterococcus faecium. We
subjected these isolates and a representative fosfomycin-
susceptible E. faecium isolate (kindly provided by L. Har-
rison) to high-throughput paired-end sequencing by using
NextSeq (Illumina, San Diego, CA, USA). We performed
de novo assembly by using CLC Genomics Workbench
version 10.0 (QIAGEN, Valencia, CA, USA). We depos-
ited assembled genome sequences in GenBank (accession
nos. SAMNO07274321-5).

The 4 fosfomycin-resistant E. faecium isolates belonged
to sequence type (ST) 17 (n=2), ST18 (n = 1), and ST233
(n = 1) on the basis of in silico multilocus sequence typ-
ing and all had the vand gene. These STs belong to clonal
group 17, which is a prominent hospital-adapted vancomy-
cin-resistant E. faecium clonal lineage associated with out-
breaks in healthcare environments (&). None of the isolates
had fosB, a transferable bacillithiol S-transferase gene as-
sociated with fosfomycin resistance (9). However, murA of
the 4 fosfomycin-resistant isolates had a codon change of
TGT,.  ,,—>GAT at nucleotide position 355-357, which

Cysl19 .Aspll9 K . .
was not present in the fosfomycin-susceptible control isolate
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or any of the available E. faecium genome sequences and
was confirmed by Sanger sequencing (online Technical Ap-
pendix Figure, https://wwwnc.cdc.gov/ElD/article/23/11/17-
1130-Techappl.pdf). The murd gene of the 8 remaining
fosfomycin-resistant isolates with lower MICs of 256 or 512
pg/mL did not contain the nonsynonymous mutations corre-
sponding to C119D. Therefore, the C119D substitution was
specific to isolates with a fosfomycin MIC >1,024 pg/mL.

We amplified wild-type and mutant (C119D) murA,
with their native promoters, by PCR with primers murA-
F-EcoRI (5'-GAGAGAATTCCATAAAATGAGATGCG-
GATG-3') and murA-R-BamHI (5'-GAGAGGATCCTTA-
AGCAATCGTTTGTGCTG-3') (bold indicates restriction
endonuclease site sequences) and cloned them into the
shuttle vector pTCV-lac (10). We selected E. coli TOP10
transformants by using kanamycin and erythromycin. Af-
ter confirmation of sequences, we transformed recombinant
plasmids into E. coli SM10, subsequently transferred them
into E. faecium D344S by conjugation, and performed se-
lection by using kanamycin, fusidic acid, and rifampin. The
baseline fosfomycin MIC of the host strain was 128 pg/mL.
Introduction of pTCV-lac-murA™" resulted in a 4-fold in-
crease in the MIC to 512 pg/mL, which might be caused by
increased expression of WT MurA produced as a result of
complementation. Nonetheless, introduction of pTCV-lac-
murA“'"? yielded a higher MIC of >1,024 ng/mL, which
indicated a >4-fold increase in the MIC compared with the
murA™T control (online Technical Appendix Table). This
finding provided phenotypic evidence that C119D MurA is
less susceptible to inhibition by fosfomycin.

We determined steady-state Michaelis-Menten pa-
rameters for recombinant purified wild-type and C119D
MurA (Table; online Technical Appendix). The C119D
substitution in MurA increased the mean + SD Michae-
lis constant (K 803.2 + 180.0 umol/L) for UDP-N-
acetylglucosamine compared with the wild-type enzyme
(K, 382.8 £ 79.5 pmol/L; p = 0.02), but did not affect
the catalytic turnover (k_ ). This increase in K resulted
in an ~2-fold decreased catalytic efficiency (k_/K ) for
C119D MurA with respect to UDP-N-acetylglucosamine.
In contrast, C119D had no major effect on the kinetic pa-
rameters for phosphoenolpyruvate as a substrate (Table).
The mean + SD 50% inhibitory concentration of fosfo-
mycin for wild-type MurA was 176.8 + 38.3 nmol/L; no

Fosfomycin Resistance in Enterococcus faecium

inhibition of C119D MurA was observed at concentra-
tions <100 pumol/L fosfomycin (Figure).

Our finding that high-level fosfomycin resistance in
vancomycin-resistant enterococci can be conferred by sub-
stitution of the active site cysteine in MurA is consistent
with the mode of action of fosfomycin, which covalently
and irreversibly binds to the thiol group of this residue. The
MurA enzymes in M. tuberculosis and B. burgdorferi are
refractory to fosfomycin inhibition and naturally possess
aspartic acid at the equivalent position (//,/2). Previous
site-directed mutagenesis—based studies of E. coli MurA
showed that aspartic acid and glutamic acid substitutions,
although conferring fosfomycin resistance, had a major
effect on catalytic functioning of the enzyme (3). Specifi-
cally, the catalytic efficiency of C115D E. coli MurA was
reported to be >10-fold less than the wild-type enzyme (3).

In our study, the C119D substitution had only mini-
mal effect on vancomycin-resistant enterococci MurA ac-
tivity. The reason for these differences in kinetic activity
is unclear, and additional structure—function studies will
be required to elucidate differences between these MurA
proteins. Nevertheless, our kinetic data help explain why
this substitution was selected in E. faecium, whereas
E. coli-producing C115D MurA has not been identified
clinically. The nonsynonymous mutations associated with
the C119D substitution of MurA were observed only in iso-
lates that had an MIC >1,024 ng/mL and not in any isolates
with lower-level resistance to fosfomycin. Therefore, the
mechanisms underlying low-level fosfomycin resistance in
enterococci need to be determined.

Conclusions

In this study, fosfomycin maintained activity against most
contemporary vancomycin-resistant enterococci isolates,
but we identified high-level resistance caused by substi-
tution of the active site cysteine in MurA, which made
it refractory to inhibition by fosfomycin but retained its
catalytic activity. Our finding that high-level resistance
to fosfomycin might arise through mutations of the tar-
get enzyme MurA, accompanied by modest impairment
of the catalytic activity, indicates the need for ongo-
ing surveillance activities to ensure its activity against
vancomycin-resistant enterococci is maintained. In addition,
this finding highlights the potential relevance of aspartic

Table. Michaelis-Menten steady-state kinetic parameters for vancomycin-resistant Enterococcus faecium wild-type and C119D MurA*

UNAG (p value)

PEP (p value)

Vmaxy kcat/Km, Vmax; kcat/Kmy
Enzyme Km, pmol/L pmol/L/min Kea/min umol/L/min Km, pmol/L pmol/min Kea/min pmol/L/min
WT MurA 3828+795 139+16 138.7+16.4 0.4 229.0+87.201 295+84 29451838 1.3
CD119D 803.2+1,780 11.9+22 119.4+222 0.2 304.6+352 286+3.2 2855+32.1 0.9
MurA (0.02) (NS) (NS) (NS) (NS) (NS)

*Values are mean = SD for >3 independent experiments unless otherwise indicated. Statistical differences between kinetic parameters for vancomycin-
resistant enterococci WT and C119D MurA were assessed by using a paired t-test. MurA, UDP-N-acetylglucosamine enolpyruvyl transferase; NS, not
significant; PEP, phosphoenolpyruvate; UNAG, UDP-N-acetylglucosamine; WT, wild type.
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Figure. Inhibition of recombinant purified vancomycin-resistant
Enterococcus faecium wild-type (A) and C119D (B) MurA by
fosfomycin. The 50% inhibitory concentration was 176.8 + 38.3

nmol/L for wild-type MurA and >100 umol/L for C119D MurA. Error

bars indicate mean + SD of >3 independent experiments. MurA,
UDP-N-acetylglucosamine enolpyruvyl transferase.

acid—substituted, catalytically active MurA enzymes as a

target for inhibitor development.
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High-Level Fosfomycin Resistance in
Vancomycin-Resistant Enterococcus
faecium

Technical Appendix

Supplementary Methods

Cloning and Purification of MurA

Wild-type and C119D UDP-N-acetylglucosamine enolpyruvyl transferase (murA) genes
were synthesized (Genscript, Piscataway, NJ, USA), cloned into the pE-SUMOstar prokaryotic
expression vector (LifeSensors, Malvern, PA, USA), and transformed into Escherichia coli
BL21 (DE3) pLysS competent cells (Promega, Madison, WI, USA). Transformed E. coli BL21
(DE3) were grown overnight at 37°C in Power Prime Broth (AthenaES, Baltimore, MD, USA)
containing 100 mg/L of ampicillin. Overnight cultures were diluted 1:50 in fresh Power Prime
Broth, grown to midlog phase (optical density = 0.3 at 600 nm), before protein expression was
induced for 4 h at 37°C by addition of 1 mmol/L isopropyl B-D-1-thiogalactopyranoside. Cells
were harvested by centrifugation, suspended in 50 mmol/L sodium phosphate buffer (pH 7.8)

containing protease inhibitor (lysis buffer), and lysed by using a French press.

Cell supernatants were mixed with prepared TALON Metal Affinity Resin (Clontech
Laboratories, Inc., Mountain View, CA, USA), loaded onto a gravity-flow column, and washed
with 50 mmol/L sodium phosphate (pH 7.8) containing 0.3 mol/L NaCl and 1 mmol/L -
mercaptoethanol. Bound protein was eluted with 100 mmol/L sodium phosphate (pH 6.0)
containing 0.6 mol/L NaCl, 240 mmol/L imidazole, and 1 mmol/L B-mercaptoethanol. The
protein was then exchanged into 25 mmol/L Tris-HCI (pH 7.5) by using an NAP-25 column (GE
Healthcare, Chicago, IL, USA). Protein concentration was determined by using a Bradford assay
with bovine serum albumin as the standard. Purity was assessed by using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. Purified proteins were stored in 25% glycerol at
—-80°C.
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MurA Steady-State Kinetic Assays

MurA (100 nmol/L) was incubated with various concentrations of UDP-N-
acetylglucosamine (UNAG) (0—3 mmol/L) or phosphoenolpyruvate (PEP) (0—1 mmol/L) in 50
mmol/L Tris-HCI buffer (pH 7.5) at 37°C for 10 min. Reactions were initiated with 300 umol/L
PEP (for various concentrations of UNAG) or 3 mmol/L UNAG (for various concentrations of
PEP) at 37°C for 20 min. Reactions were then quenched, and inorganic phosphate was quantified
by using the Malachite Green Phosphate Assay Kit, (BioAssay Systems, Hayward, CA, USA)
per the manufacturer’s recommendations. Data were fitted to Michaelis-Menten equations by
using GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA).

Fosfomycin Inhibition Assay

For inhibition assays, 100 nmol/L of wild-type or mutant MurA was incubated with
various concentrations of fosfomycin and 3 mmol/L UNAG at 37°C for 10 min. Reactions were
initiated with 300 umol/L PEP, and inorganic phosphate was quantified as described. The
concentration of fosfomycin that resulted in 50% inhibition was determined by using GraphPad
Prism version 6.

Technical Appendix Table. Characteristics of strains and plasmids used in the study of high-level fosfomycin resistance in
vancomycin-resistant Enterococcus faecium*

Strain or plasmid Fosfomycin MIC, mg/L Description/use
Clinical strain
Enterococcus faecium 2014-7 >1,024 murAc11eo
E. faecium 2014-195 >1,024 murAC11eo
E. faecium 2015-149 >1,024 murAc11eo
E. faecium 2016-78 >1,024 murAc11eo
E. faecium 2016-194 64 murAWT
Transformant NA NA
E. faecium D344S (pTCV-lac®®) >1,024 murAc11eo
E. faecium D344S (pTCV-lac"™) 512 murAWT
E. faecium D344S (pTCV-lac) 128 Control
Host strain NA NA
E. faecium D344S NA Plasmid transfer
Escherichia coli SM10 NA Plasmid transfer
E. coli TOP10 NA Plasmid transfer
E. coli BL21 (DE3) NA Protein expression
Plasmid NA NA
pTCV-lac NA Cloning of murA; erythromycin and kanamycin resistant
pPE-SUMOstar NA Expression of murA; ampicillin resistant

*murA, UDP-N-acetylglucosamine enolpyruvyl transferase; NA, not applicable; WT, wild type.
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MurA 2014-7 MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVFTMNQVIRH 60
MurA 2014-195 MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVFTMNQVIRH
MurA 2015-149 MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVETMNQVIRH
MurA 2016-78 MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVFTMNQVIRH
MurA 2016-194 MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVEFTMNQVIRH
MurA consensus MEEIIVRGGNQLNGTVRIEGAKNAVLPILAASLLAEEGITTLDNVPILSDVFTMNQVIRH

khkhkkhkhkhkhkhkhkhhkhhkhkhkkhkhhhhhhhhhkhhkhhkhkhhhhhhhkhhkhkhhkhhkhhhkrhkkhxhhkkhkkxx
MurA 2014-7 LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQMRASIVVMGPLLARNGHAKVAMPG 120
MurA 2014-195 LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQMRASIVVMGPLLARNGHAKVAMPG
MurA 2015-149 LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQMRASIVVMGPLLARNGHAKVAMPG
MurA 2016-78 LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQMRASIVVMGPLLARNGHAKVAMPG
MurA 2016-194 LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQOMRASIVVMGPLLARNGHAKVAMPG
MurA_consensus LNVDVDFDEQKNQVTIDASRQLEIEAPYEYVSQMRASIVVMGPLLARNGHAKVAMPG

Fhhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkhkhhkhkhhkhkhkhkhkhkhkhkkhkhkhhkhkhhkrhkkhkhxhkhh *
MurA 2014-7 IGKRPIDLHLKGFQALGAKIIQKNGY IEATADELIGNTIYLDFPSVGATQNIMMAAVKAK 180
MurA 2014-195 IGKRPIDLHLKGFQALGAKIIQKNGY IEATADELIGNTIYLDFPSVGATQNIMMAAVKAK
MurA 2015-149 IGKRPIDLHLKGFQALGAKIIQKNGY IEATADELIGNTIYLDFPSVGATONIMMAAVKAK
MurA 2016-78 IGKRPIDLHLKGFQALGAKIIQKNGY IEATADELIGNTIYLDFPSVGATONIMMAAVKAK
MurA 2016-194 IGKRPIDLHLKGFQALGAKIIQKNGY IEAIADELIGNT IYLDFPSVGATQNIMMAAVKAK
MurA_consensus IGKRPIDLHLKGFQALGAKIIQKNGY IEATADELIGNTIYLDFPSVGATONIMMAAVKAK

KAK A KKK AT AR IR A AR A A AT A AR A A Ak A Ak kA Ak ko hk kA kA khkhkk k ok ok ko ok ok k&
MurA 2014-7 GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT 240
MurA 2014-195 GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT
MurA 2015-149 GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT
MurA 2016-78 GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT
MurA 2016-194 GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT
MurA_consensus GTTIIENVAREPEIVDLANILNKMGAQVYGAGTETMRIEGVDHLHAVNHSIVQDRIEAGT

Ak hkkhkkkhk Ak kA kA A Ak kA hkhhkhhh kb kA hkkhhdhkhhhkrhkhhkhkhkhkhrhkkhrxhkhkhkxx
MurA 2014-7 FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP 300
MurA 2014-195 FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP
MurA 2015-149 FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP
MurA 2016-78 FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP
MurA 2016-194 FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP
MurA consensus FMVAAAMTQGNVLIADAISEHNRPLISKLIEMGAEI IEEEGGVRVIGPKHILPTDVKTMP

% % ok ke de ke g ke e sk gk ok ok ke ke ke ke ke ke sk ke ke ke ok kb ke ek sk e ok ke ok ok ok ko ke ke e ko ok ok ok ok ok ok ok ok ok ok
MurA 2014-7 HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFQHLEEMRRMNAHVKIDGNVATIMDGNH 360
MurA 2014-195 HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFQHLEEMRRMNAHVK I DGNVATMDGNH
MurA 2015-149 HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFQHLEEMRRMNAHVK I DGNVAIMDGNH
MurA 2016-78 HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFQHLEEMRRMNAHVK I DGNVAIMDGNH
MurA 2016-194 HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFQHLEEMRRMNAHVK I DGNVAIMDGNH
MurA consensus HPGFPTDMQAQMTAIQLVAEGTSVVTETVFENRFOHLEEMRRMNAHVK I DGNVAIMDGNH

IR R R R R R RS R RS S RS SR R R R R R S RS R R R R R R R R R
MurA 2014-7 ELQGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGY YNFHIKLOQLGADVERVDM 420

MurA 2014-195
MurA 2015-149
MurA 2016-78
MurA 2016-194
MurA_consensus

ELQGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGYYNFHIKLQOLGADVERVDM
ELQGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGYYNFHIKLQQLGADVERVDM
ELOGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGYYNFHIKLQQLGADVERVDM
ELQGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGYYNFHIKLQQLGADVERVDM
ELQGAEVYATDLRAAAALVLAGLKANGITRVRNLNYLDRGYYNFHIKLQQLGADVERVDM

B

MurA_2014-7 DQTSAEKTAQTIA 433
MurA 2014-195 DQTSAEKTAQTIA
MurA 2015-149 DQTSAEKTAQTIA
MurA 2016-78 DQTSAEKTAQTIA
MurA 2016-194 DQTSAEKTAQTIA
MurA_consensus DQTSAEKTAQTIA

*okok Kok K KK K ok Kk kK

Technical Appendix Figure. Alignment of the deduced amino acid sequences of wild type and C119D
UDP-N-acetylglucosamine enolpyruvyl transferase. (MurA) of vancomycin-resistant E. faecium isolates.
Strains 2014-7, 2014-195, 2015-149, and 2016—78 have fosfomycin MICs >1,024 mg/L. Strain 2016—
194 has a fosfomycin MIC of 64 mg/L. The consensus sequence is derived from WP_002289003.1 and
represents the MurA sequence of 450 E. faecium strains available in GenBank. Box indicates change

from cysteine to aspartic acid at position 119. Asterisks indicate identity at each position.
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